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METHODS

Three-dimensional MRI perfusion maps: a step beyond
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Abstract

A new type of magnetic resonance imaging analysis, based on fusion of three-dimensional reconstructions of time-
to-peak parametric maps and high-resolution T1-weighted images, is proposed in order to evaluate the perfusion
of selected volumes of interest. Because in recent years a wealth of data have suggested the crucial involvement
of vascular alterations in mental diseases, we tested our new method on a restricted sample of schizophrenic
patients and matched healthy controls. The perfusion of the whole brain was compared with that of the caudate
nucleus by means of intrasubject analysis. As expected, owing to the encephalic vascular pattern, a significantly
lower time-to-peak was observed in the caudate nucleus than in the whole brain in all healthy controls, indicating
that the suggested method has enough sensitivity to detect subtle perfusion changes even in small volumes of
interest. Interestingly, a less uniform pattern was observed in the schizophrenic patients. The latter finding needs
to be replicated in an adequate number of subjects. In summary, the three-dimensional analysis method we
propose has been shown to be a feasible tool for revealing subtle vascular changes both in normal subjects and in
pathological conditions.
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(Forsting & Weber, 2004). However, recent work has
suggested that DSC-MRI may also provide clinically
important information for the evaluation of patients
with neuropsychiatric disorders, especially dementia

Introduction

Dynamic susceptibility contrast magnetic resonance
imaging (DSC-MRI) provides a non-invasive method

for creating maps of the regional distribution of
cerebral perfusion. Most DSC-MRI studies conducted to
date have focused on the evaluation of patients with
cerebral neoplasms, ischaemia or infarction, or epilepsy
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and schizophrenia (Cohen et al. 1995; Levin et al. 1996;
Renshaw et al. 1997; Loeber et al. 1999; Brambilla et al.
2006).

DSC-MRI provides measures of cerebral perfusion,
allowing the investigation of vascular parameters such
as ‘time-to-peak’ (TTP), which is the interval between
the time the contrast agent is administered and the
time it reaches its highest concentration in specific
areas of interest. Owing to variation of the time between
intravenous injection and the arrival of the bolus in the
cerebral arteries, absolute TTP values are difficult to
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compare. To enable direct comparisons between TTP
in different individuals or different examinations,
standardized TTP maps can be used (Nasel et al. 2000a),
or alternatively normalization with contralateral healthy
tissue (Neumann-Haefelin et al. 1999).

DSC-MRI data are rarely merged with morphological
acquisitions, where, owing to higher spatial resolution,
subtle anatomical structure can be identified and
segmented. However, due to the rapid development
of image registration techniques (Maes et al. 1997;
Vreugdenhil et al. 2004), correlation of the altered
cerebral areas detected by structural MRI with perfusion
images is feasible. This is essential to determine any
causal relationship existing between morphological
vs. perfusion alterations, and could supply a new key
for reading neurodegeneration mechanisms and/or
neuroplasticity in neurological or mental disorders. It
thus becomes crucial to determine possible feature
markers indicated by cerebral perfusion parameters
in relation to structural parameters. A wealth of data
now indicate a key role of vascular alterations in
neurodegenerative mechanisms (Fabene et al. 2003),
by means of neuroinflammatory cascades.

Some recent evidence (Taylor et al. 1999; Brambilla
et al. 2006) suggests that vascular components could
play a major role in the pathophysiology of mental
diseases such as schizophrenia. The principal aim of the
present study was thus to describe a new three-
dimensional (3D) method based on TTP maps matched
with high-resolution T1-images, and to demonstrate
that it can be a useful tool for evaluating subtle
perfusion changes even in small volumes of interest
(VOls). To test this kind of analysis, we compared TTP
values obtained in the caudate nucleus with those
measured in the whole brain, both in schizophrenic
patients and in healthy controls. Such intrasubject
analysis presents little if any dependence on bolus
arrival time, resulting in a more direct interpretation
of the data.

This tool could be helpful in the diagnosis of mental
disorders such as schizophrenia and other psychoses, and
may constitute a new approach for the study of these
diseases.

Materials and methods

The new method was first applied on a sample of 12
subjects; our analysis uses the data available from a
previous study (Brambilla et al. 2006).
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MRI acquisition

MRI scans were acquired with a 1.5-T system (Siemens
Medical Solutions, Erlangen, Germany) using a standard
head coil. Structural MRI analysis was based on 3D
MPR T1 coronal acquisitions, in Charcot plane (N
sections = 144, TR = 2060 ms, TE = 3.9 ms, flip angle = 15°,
FOV = 176 x 235 mm, slice thickness = 1.25 mm, matrix
size=270x 512, TI=1100, NEX=1, t. acquisition =
5 min 23 s). EPI T2*-weighted acquisitions were acquired
immediately before, during and after injection of a
bolus of gadopentetate dimeglumine (GdDTPA) (20
sequential images for 60 repetitions, TR = 2200 ms,
TE =47 ms, FOV = 230 x 230 mm, slice thickness =5 mm,
matrix size = 256 x 256, NEX = 1, EPI factor = 128). TTPs
were calculated using the Siemens inline software
package.

Subjects

The clinical diagnosis of schizophrenia was confirmed
using the IGC-SCAN Item Group Checklist of the Schedule
for Clinical Assessment in Neuropsychiatry (IGC-SCAN)
(World Health Organization, 1992) for six patients
selected from the South Verona Psychiatric Register
(PCR) (Tansella & Burti, 2003). We excluded patients
with evidence of co-morbid psychiatric disorders,
alcohol or substance misuse in the 6 months preceding
the study, a history of traumatic head injury with loss
of consciousness, epilepsy, or other neurological diseases.
All patients were receiving anti-psychotic (AP) medication
at the time of imaging.

Six right-handed healthy controls [mean (+SD)
age 33.8 £ 6.2 years] were studied who had no psy-
chiatric disorders themselves or in first-degree relatives,
and no history of alcohol or substance misuse. They
were compared with the six right-handed patients with
schizophrenia (aged 33.5 £ 11.7 years; length of illness:
12.8 + 12.3 years; duration of AP therapy: 10.3 + 10.1 years;
age at onset: 24.0 + 8.1 years).

Post-processing

Structural and TTP data were transferred to a PC
equipped with Amira® software 3.1 (TGS Inc., San
Diego, CA, USA). High-resolution 3D T1 images of the
whole brain and the caudate nuclei were segmented
semi-automatically by thresholding at several segment
levels chosen by visual inspection. The validation
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procedure was conducted following the method given
by Brambilla et al. (2006). Briefly, VOIs corresponding
to the whole brain and the caudate nucleus were
semi-automatically segmented (see Fig. 1). All
measurements were made manually by two independent
researchers (P.F.F. and N.A.) who were blind to the
diagnosis of schizophrenia and to the subjects’ identity.
The intraclass correlation coefficients (ICCs) calculated
from the results given by the two independent raters
(P.F.F. and N.A.) were higher than 0.93 for both caudate
nuclei and whole brain values. Registration of high-
resolution and perfusion data was achieved by pre-
alignment on anatomical landmarks, followed by
non-rigid registration using maximization of mutual
information available on a specific module of Amira.
After warping of the segmented 3D structures on
perfusion data, TTPs were calculated on the corre-
sponding voxels. The TTP values were divided into six
clusters. In fact, due to the temporal resolution of
the sequence applied (TR = 2.2 s), in all subjects the TTP
values of the whole brain voxels resulted in a range of
six acquisitions. Owing to possible shifts of contrast
medium arrival, the time-point when the first voxels
had reached their peak was taken as an intrinsic offset
(Nasel et al. 2000b), and all TTP values were presented

relative to this offset to obtain cluster distributions for

each subject. The TTP distributions in each subject for
the caudate nucleus and the whole brain were compared
using the t-test. This intrasubject comparison avoided
any effect of bolus arrival time. Finally, in order to
represent our findings better, a normalized TTP (nTTP)
distribution for the caudate nucleus was produced by
subtracting the mean TTP value obtained for the whole
brain.

Results

The same structures segmented on high-resolution T1
images were used after image registration to identify
VOIs for perfusion data analysis. As an example, in
Fig, 1(A,B), we show a coronal plane obtained by the
3D T1 sequence, where the caudate nucleus is clearly
delineated. The result of the segmentation is also
indicated. In Fig. 1(C,D), a 3D view shows the final
results of the segmentation of the caudate nucleus as
it appears in the high-resolution dataset. TTP map
and high-resolution T1 images were registered by mutual
information maximization.

For the perfusion analysis, the values of TTP in each
voxel were clusterized with the temporal resolution of
the sequence applied (2.2 s), as described in Methods
section above. In Fig. 2(A), the lateral view (top) and

Fig. 1 (A) Coronal image obtained by
the 3D T1 sequence, where the caudate
nucleus is clearly delineated and
coloured (B) after semi-automatic
segmentation. (C-E) The resulting 3D
segmentation of the caudate nucleus is
superimposed on the high-resolution
dataset in different spatial planes.
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cluster 4 cluster 5 cluster 6

Fig. 2 (A) Superior (top) and lateral (bottom) views of a representative case of the six (every 2.2 s each) TTP clusters. (B) 3D TTP
visualization of the first cluster in red and caudate nuclei (green), obtained by warping T1 images and TTP maps. (C) Cluster

segmentation as in bi-dimensional representations.

superior view (bottom) of an example of whole brain
perfusion and how TTP is distributed in each cluster is
shown in one subject. In Fig. 2(B), the 3D TTP visualization
of the first cluster and the caudate nuclei is shown as
obtained by warping T1 images and TTP maps. In Fig. 2(C),
the bi-dimensional cluster segmentation is shown.
After the TTP values on the voxels assigned as
caudate nucleus (CN) and whole brain (WB) were
calculated, the percentage of voxels assigned to each
cluster was evaluated for every subject. Two represent-
ative cases of the six normal controls were plotted in
Fig. 3(A,B), and two of the six patients in Fig. 3(C,D):
the percentage distribution inside the caudate nucleus
is shown together with the distribution in the whole
brain. In normal subjects it appears that in both cases
there is an increment in the percentage of voxels in
the third cluster, paralleled by a decrement in the fifth
cluster, when the caudate nucleus is compared with the
whole brain. It follows that the caudate nuclei were
perfused faster than the whole brain. This finding was
obtained in all the control subjects: the mean TTP

© 2006 The Authors

values in caudate nuclei distribution were always lower
in the six normal subjects than the mean TTP values in
the whole brain distribution, and this difference was
significant (P < 0.01). Despite the small number of
controls analysed, this result seems to suggest that a
faster perfusion of the caudate nucleus vs. the whole
brain is highly specific for healthy subjects, and could
be identified as a ‘normal’ pattern.

By contrast, variable results were observed in the six
schizophrenic patients, with the mean TTPs in the
caudate nucleus ranging from values lower to higher
than the mean value of the whole brain distribution. A
faster (although less evident) perfusion was observed in
the case shown in Fig. 3(C), where in the third cluster
there is a higher percentage of voxels for the caudate
nucleus than the whole brain, whereas a different
pattern was observed in the case shown in Fig. 3(D),
where in the second cluster the percentage of the
whole brain is clearly higher.

To clarify this finding better we calculated an nTTP
by subtracting the distribution of the TTPs obtained in
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the caudate nucleus from the mean value of the TTPs
obtained on the whole brain of the same subject.
The nTTP distributions for the caudate nucleus of the
controls and the patients shown in the Fig. 3(A-D) are
shown together in Fig. 3(E). The zero value of nTTP
means a null shift between TTP of the caudate nucleus
and the mean value for the whole brain. It confirms
what seems to be a normal healthy pattern, as the
caudate nucleus was perfused before the whole brain
in control subjects, whereas a probably pathological
alteration, which requires further investigation, was
found in some patients.

Discussion

We have applied a new MRI approach based on 3D
perfusion imaging to investigate perfusion pattern
alteration in brain disorders, such as schizophrenia, not
characterized by evident and unambiguous morpho-
logical or anatomical signs.

Schizophrenia has been studied using various
neuroimaging techniques, which have supplied
information regarding structural and/or functional
alterations in the ventricular system, the temporal and
frontal lobes, the thalamus, the cerebellum and the corpus
callosum (for a complete review see Shenton et al. 2001).
Numerous morphometric studies in vivo have provided
valuable insights into the pathogenesis of various types
of schizophrenia (DeQuardo et al. 1996; Jacobsen et al.
1997; Gaser et al. 1999; Loeber et al. 2001; Cahn et al.
2002; Hulshoff Pol et al. 2002; McDonald et al. 2002),
although the variability of neuromorphological altera-
tions found has not allowed the localization of specific
morphological alterations. Most studies have used struc-
tural MRI (Henn & Braus, 1999), whereas nearly all studies
of cerebral perfusion in major psychosis have been made
using Tc**m HMPAO SPECT (Bajc et al. 1989; Abdel-Dayem
et al. 1990; Sachdev et al. 1997; Gonul et al. 2003a,b).

To study single deep brain structures which are
difficult to detect on source perfusion images, we
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warped them to high-resolution T1images, resulting in
a potentially more informative analysis that could also
match volumetric (not reported) and perfusion data.

In this preliminary study of a limited number of
subjects, our analysis focused on the perfusion of the
caudate nucleus. We observed that, as expected given
vascular anatomy, the caudate nucleus was always
perfused faster than the whole brain in all the normal
subjects who were analysed, thus identifying a ‘normal
pattern’; final confirmation from a larger number of con-
trols would be opportune. On the other hand, a variable
pattern was observed in the small number of patients we
studied. It will be necessary to study a suitable number
of schizophrenic patients to evaluate whether there is
some particular pattern specific to this pathology.

Even though the limited number of subjects makes
any conclusion tentative, these data seem to suggest
that perfusion pattern alteration could be informative
in brain disorders not characterized by evident and
unambiguous morphological or anatomical signs, and
that a 3D approach could provide new insights into less
evident alterations.

The method we describe allows both segmentation
of small structures (due to image registration of high-
resolution T1 images with low-resolution perfusion
maps) and an analysis of perfusion by the first passage
of contrast medium, which is independent of intersubject
contrast arrival variability (due to normalization of the
TTP with respect to the whole brain). If extensively
applied, this method could potentially be very fruitful
in the evaluation of mental disorders, making it possible
to analyse cerebral volume and perfusion in baseline
conditions, and also the possible relationship between
alterations in perfusion and the atrophies which have
been reported in psychotic patients.
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